To aid in testing the idea of storing thermal energy in aquifers, an experiment was performed by Auburn University in which 54,784 m 3 of water was pumped from a shallow supply aquifer, heated to an average temperature of 55øC, and injected into a deeper confined aquifer where the ambient temperature was 20øC. After a storage period of 51 days, 55,345 m 3 of water were produced from the confined aquifer.
INTRODUCTION
The possibility of using aquifers as natural storage devices for thermal energy in the form of heated water has been considered seriously for the past 6 years [Meyer and Todd, 1973; Hausz and Meyer, 1975; Meyer, 1976; Meyer et al., 1976 ; Lawrence Berkeley Laboratory, 1978] . Related problems involving the natural drift of fluids from the storage zone have been considered also [Molz and Bell, 1977; Whitehead and Langhetee, 1978] . Several experimental studies have been performed with the objective of field testing the aquifer storage concept. Mathey [1978] conducted a 5-month injection-production cycle involving an unconfined aquifer with a natural temperature of 11øC. Injection of 494 m 3 of water at 51øC over a 9.3-day period was followed by four months of storage and a 28-day recovery of 16,370 m 3. Extensive mixing of the hot and cold water, aided by thermal convection in the aquifer, led to a recovery of approximately 40% of the thermal energy injected. A second small experiment involving an unconfined aquifer was performed by Werner and Kley [1977] .
The subsequent injection of 7570 m 3 of 37øC filtered water from an electric power plant thermal discharge canal resulted in a 67% thermal energy recovery after a storage period of 36.6 days. The injection process was plagued by serious clogging due to the inability to remove clay and small silt-sized particles by filtration alone. Ultimately, the injection was terminated when increased injection pressure, induced by the clogging, led to failure of the upper confining layer along a well casing.
The objective of the present communication is to describe the results of a second experiment at the Mobile test site which used essentially the same well field facilities which were constructed prior to the preliminary experiment [Molz et al., 1978] . The only modifications involved reinstrumentation of the observation wells, pressure grouting of the original injection well and the well where confining layer failure occurred, Figure 11 is a plot of the thermal energy recovery factor as a function of recovery temperature. This factor is defined as the ratio of Eo,,, at any time during production to Ein. When production was first started, the water temperature was 55øC and, of course, no energy had been recovered. By the time the water temperature dropped to 45øC, 31% of the injected energy had been recovered. Ultimately, when production ceased at a water temperature of 33øC, 65% of the injected energy had been recovered and 55,300 m 3 of water had been pumped from the storage aquifer. This volume is nearly equal to the 54,800 m 3 injection volume. The recovery of 65% of the injected energy in the upper 63% of the temperature range and contained in a volume of water essentially equal to the injection volume is much better than previous results [Mathey, 1977; Molz et al., 1978] , although still less than the predicted performance potential of aquifer storage systems designed for maximum energy recovery [Lawrence Berkeley Laboratory, 1978] . However, the energy left behind in the formation will increase the recovery fraction during subsequent injection-storage-recovery cycles.
TECHNICAL PROBLEMS
The major problem encountered during the experiment was clogging of the injection-production well during injection. Additional evidence for clay swelling and dispersion was obtained during the production period. Soon after production pumping began, it was noticed that the recovered water conconcentration of suspended solids. Shown in Figure 12 is a tained a material that was causing a slight discoloration. Filplot of injection well specific capacity versus time. Because tering of water samples along with chemical analyses and X specific capacity is defined as the ratio of pumping rate to ray diffraction studies of the filter cake showed it to be camdrawdown (or 'pushup' in the case of injection), this quantity posed of both kaalinite and smectite clays. These materials would be expected to decrease with time. However, the mag-were definitely not being pumped into the storage formation nitude and rate of decrease shown in Figure 12 are much too large to be completely explained in terms of the development of simple pushup in an aquifer of constant hydraulic conductivity. Pumping tests performed on wells equivalent to the present injection well, and the injection well itself during production, stabilized hydraulically within 48 hours after pumping began. This observation, along with a careful chemical analysis of the water in the supply and storage formation, which appears to eliminate corrosion or precipitation as a cause of specific capacity loss, indicates that the results shown in Figure 12 must be explained in terms of decreasing hydraulic conductivity of the aquifer matrix material. However, the spatial distribution of the conductivity loss is not known.
Further examination of Figure 12 shows that the specific capacity is sensitive to changes in injection rate. This was first observed during pump shut-downs due to power failures associated with thunderstorms. Later on, when well back-washing operations were initiated, even larger gains in specific capacity were realized. It was decided to determine if this type of flow rate-sensitive behavior could be duplicated in the laboratory using disturbed samples of storage aquifer material obtained during coring operations. Typical results obtained with a cammercially available, constant-head permeameter are shown in Table 1 . The saturated hydraulic conductivity would normally decrease markedly with time. A brief surge in head gradient through the sample would increase the conductivity, sometimes by nearly an order of magnitude. Tapping the permeameter also had the effect of increasing the permeability for a short period of time. Results similar to those displayed in Table 1 were obtained using tap water. It seems likely that the observed decrease in hydraulic conductivity is due to clay particle dispersion, migration, and subsequent blocking of the relatively small pores connecting larger pores. The temporary increase in conductivity caused from the supply aquifer. Therefore they must have originally been part of the storage aquifer matrix. Clay was produced from the storage formation during the entire production period, although the concentration decreased with time. It is estimated that a few thousand pounds of clay material was removed during production.
A second problem encountered while conducting the experiment was due to lightning discharges in the near vicinity of the site. Bolts of lightning induced voltages in the lines leading to the observation wells that were of sufficient magnitude to damage the recording equipment. This occurred even though the wires were shielded and the system grounded. On the average, the automatic recording system was down once On the basis of laboratory and field studies, it was concluded that the clogging mentioned previously, which caused a large decrease in the specifi c capacity of the injection well, was due to the freshwater-sensitiVe nature of the storage aquifer. Clay particles would swell, disperse, and migrate until they became trapped in the relatively small pores connecting the larger pores. Thus the clogging phenomenon is viewed as a colloid chemistry problem largely independent of temperature. It may, however, depend on pore velocity. Except for waters high in calcium, moderate increases in temperature would be expected to increase the hydraulic conductivity rather than decrease it. Of course, other detrimental reactions such as those related to corrosion and scaling would tend to increase with temperature.
Future research should be directed toward establishing methods for controlling clogging problems in storage aquifers. This problem area is of prime importance, and injection difficulties are likely to be the rule rather than the exception in future aquifer storage systems. Several possibilities for minimizing clogging include increasing the ionic concentration of the injection water and using the storage formation itself as a source of supply water [Molz et al., 1978] . Research should also be directed toward procedures for selecting siorage aquifers that will have minimum susceptibility to clogging and other geochemical problems.
The appropriate time may have arrived for subjecting the aquifer thermal storage concept to a fully elaborated experimental test. Using available theoretical and experimental information, a thermal energy storage system could be designed to maximize the energy recovery factor. This would involve selecting an ideal aquifer, analyzing the effects of hydrodynamic thermal dispersion and thermal convection if it is predicted to occur, anticipating geochemical problems, designing the optimum supply-injection-production well configuration, and injecting a sufficiently large volume of heated water to realize economies of scale related to increasing volume-surface area ratio.
At the present time, a second 6-month injection-storage-recovery cycle is being performed at the Mobile site. Further data are being collected, and the expected increase in the energy recovery factor with multiple storage cycles will be measured. Computer simulations of the first injection-storage-recovery cycle are being performed at the Lawrence-Berkeley Laboratory and should contribute to a more detailed future analysis of the data.
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